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Recent progress in high power laser technologies allows us to study new regimes of laser-matter interactions relevant to astrophysics [1] and nuclear physics [2] . In the context of inertial fusion research, the ''fast ignitor'' [3] was proposed in order to relax the strict symmetry requirements for the laser irradiation of the spherical target and to reduce the drive energy needed to achieve high densities and the formation of the spark. However, the temporal and spatial stability is severely need to improve the propagation of the additional heating source, for example, because of losses and deflection of the ultraintense laser pulse in the surrounding plasma [4] and electron transport through the considerable length of a plasma [5] .
An ''advanced fast ignitor'' is demonstrated for the purpose of gaining easy access to the fuel core using a solid guide for intense laser light [6] . In recent successful experiments using a gold cone shell target [7] , a high energy coupling (20%-30%) from laser energy to compressed core was achieved. This efficiency is considerably higher than the expectation from the hot electron temperature in planar target experiments considering a classical stopping range of fast electrons at the fuel core. Anomalous stopping of fast electrons due to a strong electrostatic field induced by fast electrons themselves is a likely candidate of high efficiency core heating [8] , and a full-scale particlein-cell (PIC) simulation shows 35% energy coupling due to the anomalous stopping process [9] .
In a recent paper another possibility is shown by the detailed analysis using a three-dimensional PIC simulation [10] . The result indicates that lower energy fast electrons flow along the inner cone walls and finally concentrate on the cone tip, which in turn heats the core effectively, although higher energy electrons penetrate the cone wall. However, it contradicts recent experimental results using a planar target with oblique laser incidence which show that the fast electrons are accelerated to laser direction by J B heating [11] or target normal direction by resonant and Brunel processes [12] according to plasma and laser conditions [13] . From this point of view, we have studied laserplasma interactions with shallow incident angles to investigate the detail of the interaction mechanism between laser light and cone wall.
The experiments were performed using the GMII 30TW laser system at Osaka University [14] . The 1 m intense laser light (20 J=600 fs) irradiates a 20 m Al target at a shallow incident angle, typically 60 from the normal. Preformed plasma can be created before arriving at the main pulse using a separate beam line with long pulse duration (1 J=300 ps). The timing of the main pulse is fixed at the peak of the long pulse through the experiment. The size of preformed plasma was observed using a laser probe beam with an optical interferometer at the short pulse irradiation.
The emission angle of the fast electrons was measured with a stack of imaging plates (IPs) (FUJI Film, BAS-SR2025), which is well calibrated over a wide range of electron energies [15] . The stack consists of 4 IP layers and several filters including Al (12 m), plastic (500 m), and acryle (5 mm 3 layers between each IP layers) against ions and x rays as well as ! 0 and 2! 0 emissions. The stack was located 10 mm behind the target. To cover the wide range of the electron emission direction, the size of the IPs (H63 mm W38 mm) is considerably larger than target size, which is a 500 m square. The signal position on the IPs is converted into angles to the target normal; i.e., the vertical angle is for the tilting direction of the target. Figure 1 shows a spatial distribution of electron emission taken when no plasma is presented at the laser intensity of 3 10 18 W=cm 2 . The horizontal dashed lines in the figure represent the electron emission angle to laser axis, target surface, and specular and target normal directions, from top to bottom. The vertical line profile is added at the side of the image to identify the peak position. The electrons are clearly emitted at the laser axis and also outside of the specular direction. This outside specular emission is same direction as so-called ''specular jet'' observed in the several previous works [16] .
On the other hand, as a plasma exists, the electron emission shows remarkable changes with the laser intensity. Figures 2(a)-2(c) indicate the emission direction taken at 1 10 17 , 1 10 18 , and 3 10 18 W=cm 2 of laser intensity, respectively. In these panels, the three horizontal dashed lines indicate the laser axis, target surface, and specular directions, respectively. At the lower intensity [ Fig. 2(a) ], the emission direction is the same as the direction without plasma case. However, as laser intensity increases, the emission becomes close to target surface direction. In particular, at highest intensity shot [ Fig. 2(c) ], the emission angle is completely on the target surface direction.
This surface electron acceleration mechanism has been already indicated by the PIC calculations [10, 17] . In the beginning, the strong magnetic field is generated due to the discontinuity of the laser field according to the Maxwell equation [ Bz @Az=@z] at the critical surface. When the laser incident angle is sufficiently large, the fast electrons are trapped by the magnetic field and then flow along the target surface. This surface current and its return current enhance the surface magnetic field. Such positive feedback holds the strong surface current during the laser irradiation.
In order to confirm this possibility, we performed twodimensional PIC simulations with several laser and plasma conditions. Figure 3 shows the calculated two-dimensional electron momentum distributions. The gray rectangle on the right side of each picture represents an initial plasma region, and an intense laser irradiates at 60 incidence (yellow arrow) on it. The two white dashed lines show the laser incidence (right) and specular (left) directions. At a near solid plasma condition (scale length L 0:1 m) with the laser intensity I 10 18 W=cm 2 , the electron emission direction is strongly collimated toward the target surface direction, as well as a small fraction to the laser direction as shown in Fig. 3(a) . However, when even a thin plasma exists (L 0:5 m), the electron acceleration directions are completely changed to the specular jet direction and almost no surface current can be observed [ Fig. 3(b) ]. On the other hand, when the laser intensity increase to 10 19 W=cm 2 , the PIC calculation shows that the fast electron emission is recovered to the surface direction even in the existence of small plasma (L 0:5 m), as shown in Fig. 3(c) . These calculations indicate that the sufficient strength of the laser field is important to create the surface current depending on the plasma scale length.
The scale length dependence in the PIC calculations at the lower intensity case appears inconsistent with the experimental results. In addition, the electron emission parallel to the surface direction has been observed experimentally even at slightly lower intensity compared with the calculation. Here, comparing Figs. 1 and 2(c), the emission cone angle of electrons to laser direction for the no plasma case is clearly larger than that with the plasma condition (<25 and >45 with and without plasma case). This fact, the reduction of the electron emission cone angle may imply relativistic self-focusing in plasma [18, 19] because the resulting higher intensity laser could transfer their moment onto the electrons more effectively to its direction.
We have performed a two-dimensional ray-trace calculation to estimate the increase of laser intensity via relativistic self-focusing using a realistic plasma density taken 
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095004-2 from the interferometer images. At the start of the calculation, a Gaussian profile beam is located at 90 m back from the target position, where the spot size becomes comparable to 20 m in our focusing system, with a 60 incident angle in the simulation box. The calculation stops when the laser reaches at the relativistic critical density. As a result, at the lower intensity case (1 10 18 W=cm 2 ), self-focusing does not occur because the power could barely reach the critical power of relativistic self-focusing (P c 17:4n c =n e GW). On the other hand, at higher intensity case ( 3 10 18 W=cm 2 ), the laser intensity significantly increases to 10 19 W=cm 2 as shown in Table I . Such higher intensity laser light can reach 2 times the critical density due to the relativistic transparency [20] , where the scale length is less than 1 m, whereas the scale length at classical critical density is expected to be 3-4 m. For such increased laser intensity and shortened scale length conditions, surface current formation is sufficiently possible at the high intensity case. Figure 4 shows a series of electron emission distributions on each IP layer for (a) the low intensity case (10 17 W=cm 2 ) and (b) the high intensity case ( 3 10 18 W=cm 2 ). The minimum detectable electron energies are (i) 550 keV, (ii) 1.9 MeV, (iii) 3.0 MeV, and (iv) 4.2 MeV for the laser incidence direction (above the target surface direction in the image) and (i) 400 keV, (ii) 1.7 MeV, (iii) 2.9 MeV, and (iv) 4.2 MeV for the specular direction (below the surface direction). The horizontal dashed lines also represent laser incidence, target surface, and specular directions, from top to bottom. The color in each image is normalized with its peak signal. At the lower intensity case, the electron emission direction toward laser incidence is almost same for various energy electrons. For the specular direction, the emission angle becomes close to the exact specular direction from the first to the second image, and then seems to be constant over the fourth image. This shift corresponds to matching of the momentum transition from laser light to higher energy electrons [21] . On the other hand, at the higher intensity case, the emission direction is widely ranging from laser incidence to surface direction on the second layer, even for the peak on the surface direction. In the deeper layers, both the peak position and emission range shift toward the laser axis. This feature, the higher energy electrons tending to accelerated toward laser axis, clearly indicates that escaping of higher energy electrons [10] and the possibility of bending by the surface magnetic field.
The surface magnetic field can be calculated from the bent angle of fast electrons. Assuming a Maxwellian as an electron energy distribution, the electron temperature is obtained from the least square fitting using the signal peak intensities and the average electron energy for each layer,
fEdE, where E DL is the TABLE I. Increase of laser intensity due to relativistic selffocusing from a two-dimensional ray-trace calculation.
Initial intensity Maximum intensity
Relativistic n e 3 10 The plasma position is covered by gray box, and the laser incidence is represented by yellow arrow in both figures. detection limit energy, resulting in 1.49 MeV at higher intensity case. On the other hand, the electron energies were 1.19 and 0.85 MeV for the laser and the specular direction when the laser intensity was 10 17 W=cm 2 . Using these average energies and assuming the electron acceleration direction to laser axis, the strength of magnetic field is order of a few tens of MG=z [m], where z represents the depth of surface magnetic field. Assuming the depth between 100 nm (skin depth from the PIC calculation) and 1 m (scale length), the magnetic field becomes about a few tens of percent of laser magnetic field when laser intensity is 10 19 W=cm 2 and is comparable to the PIC prediction [17] .
One can imagine a competing effect to bend the electron direction by the electrostatic field at the target rear side. It is well known that the strong static field, created between escaping electrons and target ions, accelerates ions to the MeV energy level toward the target normal direction [22] .
where T H is the electron temperature and l D the Debye length, becomes the order of 10 12 V=m in our experimental conditions. However, we conclude that the electrostatic field is implausible to bend the electrons because (i) the strength of the static field required to distort the electron emission direction is only of order 10 10 V=m and (ii) it is extremely difficult to explain the change of emission angle with and without plasma conditions. Recent works indicate that no electron comes away due to refluxing and recirculating of fast electrons by a strong static field at the target rear side after initial electrons pass through to the target [23] . This effect suggests the electrons return back to the target before being bent by the static field. In our case, the formation time of static field can be delayed because of the decrease of fast electron current passing through the rear side when the surface current is formed. Note that a PIC shows refluxing of electrons becomes significant when a target thickness is less than half the laser duration (times light speed) such as in our case [24] . From these considerations, the surface magnetic field is most likely to be created when the laser intensity is sufficiently high according to the plasma scale length. In our case, these conditions could be achieved by increase of laser intensity due to relativistic self-focusing.
In summary, we observed spatial distributions of fast electrons emitted in intense laser-plasma interactions. The emission angle is changed from the specular direction to the target surface direction when preformed plasma is presented in front of the solid target. In addition, the emission angle also becomes close to the target surface with an increase of laser intensity. This change could be explained by the formation of a strong static magnetic field along the target surface due to trapping of fast electron at the surface. The relativistic self-focusing in our plasma condition gives the higher laser magnetic field which is significantly required for the surface current formation. The strength of the magnetic field is calculated from the bending angle of the emitted electrons detected at each layer of the detector, resulting in a few tens of percent of laser magnetic field. Such strong electron current along with the surface might bring the high conversion efficiency to the cone-guided fast ignitor experiments.
